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Abstract—A larger set of simultaneous data from the Apollo 12 lunar sur-
face magnetometer and the Explorer 35 Ames magnetometer are used to con-
struct a whole-moon hysteresis curve, from which a new value of global lunar
permeability is determined to be p = 1.012 % 0,006, The correspording glo-
bal induced dipole moment is 2.1 x 1018 gauss-cm3 for typical inducing fields
of 10_h gauss in the lunar environment. From the permeability measurement,
lunar free iron sbundance is determined to be 2.5 * 2.0 wt. %. Total iron
abundance {sum of iron in the ferromagnetic and paramagnetic states) is
calculated for two agsumed compositional medels of the lunar interior: a
free iron/orthopyroxene lunar composition and a free iron/olivine composi-
tion. The overall lunar total iron sbundance is determined to be 9.0 % L7
wt, %. Other lunar models with a small iron core and with a shallow
iron-rich layer zre discussed in light of the measured global permeability.
Effects on permeability and iron content calculations due %o a possible lunar

ionosphere are also considered,



INTRODUCTION N

Theoretical calculations of whole-moon iron abundance have been made
by séveral investigﬁtors, often based on meteorite compésitional models.
Previous estimates for tgtal iron abundance have generally been ~ 10% by
weight (6}ey, 1962; Reynolds and Surmers, 1969; Urey and MacDonald, 1971;
Winke et al., 1973).

Emplacement of a network of magnetometer experiments on the lunar
surface by Apolle astronauts in 1969-1972 has allowed investigation of
JTunar iron content and magnetic permeability, using in situ magnetic field
measurements made simultanecusly by instruments on the lunar surface and
in orbit near the meon. From these simpltaneous measurements whole-moon
hysteresis curves can be conabtrucied, from which global magnetic perﬁeability
can be calculated, (Behammon (1968) previously had calculated an upper limit
of 1.8 for global permeability using measurements of a single lunar orbiting
megnetometer.) The dual-macnetorster methed was first employed by Dyal and
" Parkin (1971), who calculated whole-moon relative magnetic permeabi”i - to

be p = 1,03 * 0,13, The uncertainty in this value was later reducel o

L 0.02h
© 0.019

used to calculate ferromagnetic free iron in the moon %o be 5 * L4 wi.%,

= 1,029 by Parkin et al. (1973). This measured permeability was
and total iron in the moon to be 9 £ L wt.%,

In this paper the earlier work of Parkin et al. (1973) is extended.
New values of global permeability, free ircn, and total iron are determined
using more data, improved statistical techniques, and better guantitative
knowledge of the plasma-magnetiec field enviromment of the moon. New hys-
teresis curveg are plotted using a total of 2703 sets of magnetic field
BVerages of data measured simultansously by the Apollo 12 lumar sgrface

magnetometer and the lwnar orbiting Zzplorer 35 magnedoneter. 3lopes of
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the hysteresis curvés are used to calculate magnetic permeability of the
moon, from which we calculate free iron abundance in thé lunar interior,
Thén we calculate total iron abundance of the moon for assumed free iron/
paramagnetic mineral compositions of the lunar interior., Also, we discuss
other luﬂar models, one with an iron core and another with an iron-rich
layer, in light of the measured global lunar permeability. Finally, Russell
et al. (1974) have recently made permeability caleulations using data from
a single magnetometer, the Apollo 15 subsatellilte magnetometer orbiting at
an altitude about 100 ¥m above the moon. The results to date indicate the
possible existence of a lunar ionosphere between the lunar surface and the
subsatellite orbit. UWe consider the effects of such an ionosphere, should
its existence be proved, upon the lunar magnetic permeability and iron

abundance results.

FXFERIMENTAT, TECHINIGUE
During times when the moon is immersed in an external magnetic field
which is spatially and temporally umiform, and plasmz interaction effects
are minimized, the total magnetic field B measured at the lunar swrface by

an Apollo pagnetometer 1s expressible as

B=pH=H+ 4y .(1)

where H is the external magnetizing field and M is the magnetization field

induced in the permeable lunar material (see Fig, 1). The-relative maghetic
permeability is p = 1 + Lnk, where k is ro-netic susceptibility in amnfcms.
(In equation (1) the remanent field at the surface site is subtrached ous

for simplicity.) 'The total surface field B is measured by a lunar surfz--

magnetometer (LSM) located at the Apollo 12 site on the moon (selenographic

_3_
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coordinates 23.1#(.j W. longitude, 3.00 S. latitude). LSM insﬁrumenﬁ proper-‘
"ties are described in detail by Dyal et 2l., (1970) and summarized in a
7companion paper in this vélume (Dyal et al;, 1974), Simmltaneous measure-
ments of the geomagnetic tail field H are made by the lunar orbiting
Explorer 35 Ames magnetometer, which orbits the moon with 0.5 Rm periselene
and 5 Rm aposelene at a'period of 11.5 hours. Characteristics of the
Explorer 35 maghetometer are outlined by Sonett et al, (1567).

To determine iron content and magnetic permeabliity of the moon, we
firgt construct a lwmar B-H hysteresis curve using simultaneous measurements
of the magnetizing field H exﬁérnal to the moon and the total magnetic in-
duction B on the lunar surface. 'The slope of the hysteresis curve is then
determined and the vhole-moon initial permeability is calculated., This
value is called the "initial" permeability because it is associated with
the B-H hysteresis curve at very small magnetizing field H (order of :i_O'lL Oe).

1

At these small field values, the characteristic "S" ghape of the hysteresis
curve degenerates to a straight line through the origin {(Ellwood, 1934).
Then from the global permeability, iron abundance in the lunaxr interior is

determined as a function of thermal and compositional models of the lunar

interior.

MAGNETIC ENVIECNMENT IN THE GEOMAGNETIC TAIL
In different regions of a lunar orbit (see Fig. 2), the magnetic <:§£é' 2
environrent of the moon can have distinctly different characteristies. Con-
ditions Casirable for anzlysis of lunar permeability and iron content exist
in regions of the geomagnetic tail where the earth's magnetic field is
spatially uniform and temporally cﬁnstant, and effects of plasma currents

are negligivle,
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The geomagnetic tail is formed due to an interaction of the earth’s
permanent dipole field with the plasma flowing radially outward from the
sun at an average velocity of ~ 400 km/sec; in effect, the earth's field
is swept back into a cylindrical region {the geomagnetic tail) on the earth's
anfisola; side, At the distance where the moon's orbit intersects the tail,
the field magnitude is ~ 10 gammas (10"1L Ce), Substructure of the tail
consists of two "lobes": the upper or northward lobe has its magnetic field
pointing roughly toward the earth, whereas the lower lobe field points away
from the earth, The moon can pzss through either or both lcobes, depending
upon the characteristics of the particular orbit, the geomagnetic dipele
axis orientztion, and perturbations of the geomagnetic field by solar wind
pressures,

Data must be carefully chosen in the geotail so that interaction modes
and induction modes other than global magnetization, are minimized, In
general, it is possible that the total measured surface field P can include
 field contributions in addition to the geomagnetic field H and the magneti-
zation field M induced in permeable lunar material, These other possible
econtributing field modes, some>of which are very important in regions of
the lunar orbit outside the geomagnetic tail, are the following: (1) the
steady remanent field ER due Lo permanently megnetized subsurface materials
near the Apollo magnetometer site, (2) the toroidal field B, resulting from
transverse magnetic (TM) induction, (3) the poloidal field By resulting from
transverse electric (TE) induction, (4) the field By associated with dynamic
interaction between plasma flow and the sbove lunar fieids, and (5) the field
ED associated with plasma diamagnetic currents. We examine here each of

these possible flelds to assess 1ts impact on our study of the lunar megneti-

zation field.
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The remanent field ER will not affect the hysteresis slope measurement.
Since ER is constant, its components added to equation (1) would, for
hysteresis curves plotted for the separate field components of B and H,
simply result in a shift of the hysteresis curve away from the origin with-
out alteging the slope. Indeed, the radial conponent of ER at the Apollo 12
site hasﬁ@ggn_subtracted out of the lunar hysteresis curve rresented in
Fig, 3.

The toroidal rmode ET would result from currents driven in the lunar
interior by a motional electric fieid Em = ¥ x H, vhere V is relative velocity
of the moon with respect to the smbient bulk plasma flow, This type of field
has not been detected within experimental error by lunar magnetometers {(Dyal
and Parkin, 1971) even in the solar wind, where V ~ 40O kn/sec, mucﬁ.faster
than the moon could move relative +o the gecmagnetic tail fielad during quiet
times {lunar orbital velocity is 1 km/sec and geomzgnetic tail motiocnal
velocity is generally ~ 70 kn/see (Mihelov et al., 1970)). Furthermore, By
is everywhere toroidal to Em and tengential to the lunar surface (Schubert
and Schwartz, 1969; Si11 and Blank, 1970); therefore, contaminating effects
of this Induction mode can be neglected by use of only the rddial‘QOmponents
of B and H in our hysteresis curve analysis,

The induced poloidal field EP resulis when time-dependént fluctuations
of the field external to the moon (3H/3t) drive eddy currents in the lunar
interior, EP is the dominant induction mode during times when the moon ig
irmersed in the turbulent, rapidly changing solar wind field; however, in
the 1imit of low-freguency or small-amplitude driving fiéld fluctuations,
as in the tail, 3H/3t -» O and poloidal induction vanishes. Therefore datge
selection restrictions are pleced on peak-to-peak variations of surface and

external 7ields (to be discussed later) to eliminate data obviously
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contaminated by eddy current fields. TFurthermeore, since gleobal induced
Ep fields have dipolar symmetry about the direction of ag/at, rather than
H, poloidal contamination would tend to scatter hysteresis curve data rather
than change the hysteresis curve slope.

| Wheﬁ the moon is in the free-streaming solar wind ocutside the geomag-
netic tail, the dynemic interaction fields (§F) cauged by the interaction
between solar wind plasms and the lunar surface fields ER have been found
to be < 16 gammes at the Apollo 12 site (Dyal et al., 1973). Plasma stream-
ing pressure responsible for compressicon of surface fields is (l/E)NimPVE,
where N} is proton number density, my is the proton mass, and V is th¢
plasma bulk speed, We assume that the typical plasma speed in the tail is
characterized by the average magnetopause motions which are about Td tm/sec
(Mihalov et al., 1970). Deep in the magnetotail lobes the plésma density

3

igs substantially below the density of 0.1/cm” measured in the plasma sheet

(Rich et al., 1973). Therefore the plasma-field interaction in the zeotail

should be at least lO3

times weaker than in the free-gitreaming solar wind
and can be neglected,

Another possible contaminating field is that due to plasma diamagnedisnm,
As plasma particles spiral about the magnetic field lines H, their motion
induces a field (§D) vhich opposes H, Plagma diamagnetism in the solﬁr
wind has been measured (Colburn et al., {1967); Ness et al., (1967)) as a
field magnitude change of about 1.5 gammas by.comparing Fxplorer 35 measure-
ments in the solar wind with those in the plasma void on the antisclar side
of the moocn., Explorer 35 is unable +0 measure ED direcfly in the plasma
sheet of the geomagnetic tail, however, since there is no well defined
plasma vﬁid created by the moon in the %all comparable to the antisclar

cavity formed in the solar wind., An Apollo magnetometer on the luner surfacs
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should be shielded (at least partially) from extralunar diamagnetic effects;
indeed, we have examined extensive data taken when the ﬁoon is near the
neutral sheet, and we have geen differences as much as 2 gammas in fields
measured by Apollo 12 LSM and Explorer 35. These field differences are-
directed‘such that fhey oppose the direction of the earth's field H, charac-
teristic of diamagnetic fields. We have found that we can minimize the
inelusion of plasme diamagnetic fields in our hysteresis curve analysis by
eliminating all data for which the measured Explorer 35 field magnitude

5

15| < 6x107° Oe. This data selection criterion is applied so that only date
from regions deep in the tail lobes are utilized.

Diamagnetism in the external enviromment produces the same effecf in
hysteresis-curve analygis as does paramegnetism in the lunar interibr, i.e.,
paramagrnetism determined for the moon is only relative to that of the lunar
environment, Therefore if dlamagnetic rield data are ineciuded in the radial
B-H hysteresis curve analysis; the measured global permeabllity will be
higher than the true lunar permeability. In our earlier work (Parkin et al.,

1973), the calculated permeability was higher than in this paper, due in

part to inclusion of some plasma sheet data in the analysis,

MAGNETIC PERMEARBILITY OF THE MOON
Magnetic permeability and iron abundance of the moon are calculated
by analysis of magnetization fields induced in the permeable material of
the moon. Vhen the moon is immersed in an external Tield it is magnetized;
the induced magnetization is a function of the distribution of permesble
material in the interior, Under the assumption that the permeable material

in the moon is predominately free iron and iron-bearing minerals, the lunar

iron abundance can be caleulated from the lumar permeability for assumed

compositional models of the inverior. Since the
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amownt of iron presént in the lunar interior should be consistenf with the
measured global magnetic permeability, the permeability.in effect places &
constraint on the physical and chemical composition of the moon's interiqr.
In this section we caleculate global magnetic permeability of the moon. Lunar
irén abugaance will be determined from the permeebility results in the follow-
ing section.
Theory

For the lunar permeability and iron abundance analysis we use a two-
layer lunar model (see Fig. 1), We assume that free iron and chemically
conbined iron in the Fe2+ (ferrous) state are responsible for the magnetic
permeability of the lumar interior, and we model the moon with a homogeneous
paramagnetic rock matrix (olivine and orthopyroxene models will be ﬁsed),
in which free metallic iron is uniformly distributed. Since the suscepti-
bility of free iron changes several orders of magnitude at the iron Curie
temperature (TC), 3 two-layerrmodel is used with the core-ghell boundary R
at the Curie isotherm, For R > Rc, T < Tc, and for R = Rc, T > Tc. There-
fore?%r> Rc any free iron will be ferromagnetic, while at greater depths
where T > Tc’ the free iron will be paramagnetic,

For the two-layer lumar permeability model illustrated in Fig, 1 the

tobal field at the outer surface of .the sphere is expressed (see Parkin

-l -7
et al., 1973

B =H(1+26) %+ H(1-6) §+ K (1-6) 2 (2)

where

(211 (ng-1) - 23 (1) (u441)

G = 3
(gﬂ*'l)(ﬁ-i"rg} . 2A (?“1)(U1 -1)

(3)
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Here 3 = ul/ueg By and Ly are relative pérmeability of the shell and core,
respectively. Again, Hi are components of the geomagneéic tail field
external to the moon, measured by the lunar orbiting Ames Explorer 35 nag-
netoneter; B is measured by the Apolle 12 lunar surface magnetometer. The
pefmeabiiity exterior to the sphere is by = 1, that of free space; A = RC/Rm;
Rc and Rm'are radius of the core and the moon, respectively., Equation (2)
expresses the total surface field in a coordinate system which has its origin
on the lunar surface at an Apollo magnetometer site: % is directed radially
outward from the lunar surface, and ¥ and £ are tangential to the surface,
directed eastward and northward, respectively.

A plot of any component of equation (2) will result in a B - H hysteresis
curve; BEquation (3) relates the slope of the hysteresis curve to the lunar

permeability, The average whole-moon permeability i is calculated from the

hysteresis-curve slope by setting = = B in equation (3}:
Ry T Mo

G_J-_"...:._‘t; (&)

Hysteresisg curve data selection criteris

The most recent dzta reduction has resulted in the global lunar
hysteresis curve shown in Fig. 3. This curve has been constructed using a
total of 2703 simulbtaneous Apolle 12-Explorer 35 magnetometer data sefs,
meagured during four orbits of the moon through the geomagnetic tail.
(In the earlier permeability caleulation (Parkin et al., 1973) a smaller
‘quantity of 203 data sets was used, with less strict data selection eriteria.)

The present hysteresis curve data have been carefuily selected to mini-~
mize the aforementioned contaminating induction and interaction field modes.
For reasons described in the previous section, contamination from plasma

diaragnetism (BD) in the extralunar environment is mdnimized by elinminating
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data points for which the magnitude of the external magnetizing field
5] < 6x10"7 Oe. |

Since poloidal eddy-current induction (EP) is dependent upon time rate
of change of the external field (3H/dt), contamination from the poloidal
moée is éinimized by restricting variations in the driving field H. Two-
minute intervals of H and B data (with |H| > 6x107° 0Oe) are examined using
a computer program designed %to select intervals during which the Explorer

2 Oc and < 1x10™° Ce,

35 and Apolle 12 data peak-to-peak variations are < 2%10°
regpectively. Data which qualify under these criteria are then averaged
over the two-minute intervals, and the averages are plotted to construct
hysteresis curves, For likely lunar electrical conductivity profiles {Dyal
et al:, 1974), the peak-to-peak criteria imposed on data, limit poloidal
-field induction to magnitude < 0,7 gamma., We average data cver two~minute
intervals, howvever, so that the possible errcor due to poloidal induction

is much less than 0.7 garma. -Furthermore, sinece £; 1s not a function of

H but rather of 3H/3t, errors due to poloidal induction could add scatter
to the linear hysteresis curve, but not change its slope., The same data-
selection process has also been repeated for six-minute intervals of H and

B data, with similar results. These peak-to-peak criteria have been empleyed

both to minimize poloidal field contamination and to insure wniformity of

3

oro
i OVC

LI, S T
ne field

-

gion larger than the distance between the Apolleo 12
and Explorer 35 for all selected data,

We note here that similar peak-to-meak eriferia could not be applied
to simultaneous Apollo 15 L3M and Explorer 35 data sincé by the time Apollo
15 was deployed 1 vears after the Apollo 12 data were taken, the Explorer
35 magnetometer data were contaminated by a spin tone modulation, of period
~ 0.8 min, which caused peaXk-te-vaak cscillaticns as ruch as leO—S Oe
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during guiet times in the geomagnetic tail. Therefore as yet we have been
mable to update the Apollo 15 results which we reported earlier (Parkin
et al., 1973), and we consider only Apollo 12 data in this paper.

In our calculations of the whole moon permeability we use only resuits
from the radial components of B and H data for several reasons. When the
moon is in the geotail the Apollo 12 LSM location on the lunar surface is
such that on the average, the geotail field has a radial component at least
twice as large as either v or z tangential component, i.e., Hﬁ =22 Hy,z'
Also, for the dipolar magnetization field M, MXij = 2 MY’Z/Hy,Z {see
equations (1) and (2)). Therefore Mx.Z i M&,z’ i.e., the resolution of the
magnetization field is at least four times greater using the radial com-
ponent. Furthermore two contaminating field modes are minimal in the radial
component. Toroidal fields ET are not present in the x-component as explained
in a previous section, and plasma interaction affects (reasured in the solar
wind) are much lower in the x direction at the Apollo 12 site: BFx/BFz ~ 0,2

~and B /B, ~ 0,7 (Dyal et al., 1972).

¥/ By

lobal megnetic perweability amd induced dincle moment

The global lunar hysteresis curve which meets data selection criteria
discussed in the previous section is showm in Fig. 3. Apollioc 12 averages
of radial (x) components are plotted on the abscissa with simultaneous
Explorer 35 averages on the ordinate; 2703 sets of selected two-minute
averages are used. The gap in the center of the curvé is a result of the
data selection criterion which eliminates data measured when the moon is
neay the neutral sheet. The familiar S" shape of the hysteresis curve
degenerates at these low field values to a straight line {Ellwood, l93ﬁ)
intersecting the origin, The z-component of the remarnent field at the
Apollo 12 eite has veen subltrzoted frOm the 4pollo 12 dsta, To this data
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set a least sqpareslline has been fitied, The best estimate of the slope
is 1.008 * 0,00k, |

The least-sguares result is obtained as follows. Since both Explorer
35 and Apolic 12 data have errors assumsd to be mutually independent and
Gaﬁssian‘ﬁn nature, neither data set can be considered to be the independent
set. For %his reason two linear regression analyses have been used, one
with Bx as the independent variable, and the other using Hk as the indepen-
dent variable, The two regression coefficients have been calculated to be
1,005 + 0,002 and 1,011 * 0,002, respectively; the = 0,002 error limits are
standard errors. To get the final value we have biéected the angle between
the two least-squares lines and calculated the slope of the bisector to be
1.008, The 95% confidence interval of the regression analyses is * 0.,00h;
therefore our calculated best estimate of tﬁe slope is 1.008 * 0,004,

Scatter in the Apollo 12-Zxplorer 35 data points of Fig, 3 is primarily
a result of magnetic inhomogeﬁeities between the moon and Explorer 35, small
contribvutions from eddy current fields, and instrumental noise and offset
errors in the Apollo and Explorer megnetometers. These error sources may
introduce small random fluctrations into the data whieh will not subsbtan-
tially affect the slope or intercept of the least-squares line.

From the slope we calculate global relative magnetic permeabilitf of
the moon fo be y = 1.012 * 0,006 using equations (2) and (4)}. Both extrema
are greater than 1,0, implying that the moon, és a whole, acts as a para-
menetic or weakly ferromagnetic sphere.

The global induced dipole moment can be calculated from the global

permeability. The induced dipole moment ig expressed as GR 3

" H, in units of

gauss—cmS; the hysteresis curve slope = 2G + 1, Using R, = l.?hxlOa cem and
-4

gecragnetic tail field ¥ = 10 7 Ce, the induced dipole nmoment is determined
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to be 2.]3:1018 gauss-cm3.

TRON ABUNDANCE IN TiE MOCN

In this section we calculate free iron and total iron abundances in
the moon .from the global permeability result of the preceding sectiocn,
Calculations are in general dependent upon thermal and compositional models
of the lunar interior, and are constrained by the known lunar density and
moment of inertia.

Theory

We refer sgain to the two-layer model of the moon shown in Fig, 1.

The core-crust boundary at R = R, is the iron Curie isotherm (assumed to
be spherically symmetric); its location is a function of the thermal pro-
file ;f the lunar interior, In cur calculations we assume the moon is
composed of a homogeneous mineral (orthopyroxzene or olivine) of lunar den-
sity 3.34 gm/cms. Free iron graing ave dispersed uniformly throughout the
lunar sphere, For R > Rc any free iron is ferromzgnetic while at greater
depths where T > TC, the free iron is paramagnetic.

In the outer shell there are both ferromagnetic and paramagnetic con-
tributions to the total magnetic permeability By = 1+ hnki. The suscepti-
bility of the shell is ki = kic + kia’ where kia is "apparent" ferromagnetic
susceptibility and kic is paramagnetic susceptibility. The ferromagnetic
component ig metallic free iron, assumed to be composed of multidormain,
noninteracting grains; the paramagnetic conponent is Fe2+ combined in the
orthopyroxene or olivine rock matrix, The expected pressures and terpera-
tures in the outer shell are such that the ferromagnetic susceptibility of
ivon will not be substentially altered (Bezorth, 1951; Kapitsa, 1955).

The measured ferromagnetic susceptibility of the shell material is an

w1l



apparent value which differs from the intrinsic ferromagnetic susceptibility
of the iron because of self-demagnetization of the iron grains and the volume
fraction of irom in the shell. The apparent ferromagnetic susceptibility

kia ig relcied to the intrinsic susceptibility kif according to

A}

0.01p Ky o
k. " TT W ko (5)

vhere N is the shape demagnetization factor of the grains and p is the volunme
percentage of free iron in the lunar material., For spherical iron grains
N = bx/3 theoretically, but experimentally this value is found to range from
3 to 4 (Hagata, 1961). We shall use W = 3.5 in our caleculations,

Unlike the free iron, the paramagnetic iron in the rock matrix has a
continvous susceptibility across the Curie isotherm, For the combined iron

the susceptibility varies acccording to the Langevin relaticon:

Ky, = nm?/BKT : (6)

where K is the Boltzmann constant, T is absolute temperature, n is the number
of ions per gram, and m is the atomic moment. m is of the order of a few
Bohr megnetons pg; e.s., for the Feo jon m = 5,25 by 0 5.53 py (Nagata,
1961),

For R < Rc the lunar material is paramsgnetl
ké = k?c + kza; k2c is the contribution of paramagneiic chemically combined
iron and k?a is the contribution of free paramagnetic iron above th= Curie
temperature, Again, kEa is only an apparent value and is related to sz,

the paramagnetic susceptibility-of free irom, by an equation similar tfo (5);

and k2c is dependent on temperature with a relationship analogous to equation

(6).
-15-



Compositicnal and thermal models

LIunar iron abundance is determined for two COmposifional models of the
lunar interior. Recently Xaula et al. (1974) heve determined the lunar
momeﬁt of inertia I to be I/MRm? = 0,3952 * 0,0045, where ¥ and R ave
1uﬁar mags end radius, respectively. This value is approximately that of
a homogenecus sphere of constant density (I/MRm? = 0,400); therefore we assume
a moon of wniform density p = 3.3h g/cm3, i,e., we will use homogeneous
compositional models,

In the first compogitional model we consider the lunar sphere to be

composed of orthopyroxene (xFeSiO, -« (l—x)MgSiOS), where x is the mole

3
fraction of the Fe2+ phase present. Free iron grains are dispersed uniformly
throvghout the spher?. In & second model we replace the orthopyroxene with
olivine (xFeESiOk . (1-X)Mgé8i0u). Pyroxenes and olivines have been reported
to be major mineral components of the lunar surface fines and rock samples
(Nagata et al., 1971; Zussman; 19723 Weeks, 1972), with corbined iron present
as the parsmagnetic Fe2+ ion. The ferromagnetic component of lumar samples
is primarily metallic iron which is sometimes alloyed with small amounts of
nickel end covalt (Wagata et al., 1972; Pierce et al,, 1971}. This free
iron is thought to be native to the moon (because of its low nickel content)
rather than meteoritic in origin {Strangway et al., 1973). Orthopyroxéne
and olivine models are consistent with geochemical studies (Urey et al.,
1971: VWood et al.,, 1970; Ringwocd and Essene, 19705 Green et al., 1971) and
geophysical studies (ToksSz, 197h).

Since the susceptibility of free iron changes several orders of magni-

tude at the iron Curie temperature (Tc)’ a two-layer model has been used,

with the core-shell boundary R, &t the Curie isotherm (see Figw . 10).
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The Curie isotherm location is determined from the thermal profile used
for a particular model, Fig. U4 shows the dependence of Tc on depth in the ¢:§§/. L
moon for hydrostatic equilibrium, superimposed on temperature profiles |
proposed for the moon by several authors; the increaged pressure of the
inferior Will decrease the iron Curie roint by abeut 7x10'3 ¢ per atmosphere
increase in pressure (Bozorth, 1951), For the calculations that follow, we
have conéé;uéfed three temperature models to span the range of temperature
profiles in Fig, 4. Presently we use two-layer terperature profiles for
simplicity. For model profile Tl the Curie isotherm is sphericzlly sym-
metric and located at Rc/Rm = 0.9. ©Shell and core temperatures are 600 c

and 1400 °C, respectively. For the model profile T, the shell is 500 °C,

2
and the core is 1300 OC, while the Curie isotherm boundary is =zt Rc/Rm = 0.85.
Temperatures are 300 °c end TOO % for shell and coré of model profile TS’
which has RC/Rm = C,7.

Normally the ferromagnetism of free iron is -dependeni on pressure as
“well as temperature. At very low magnetizing field strengths such as those
of the geomagnetic tail, however, the susceptibility of iron is not strongly
dependent on terperature below the Curie point (Bozorth, 1951). Uniaxial
stress on iron changes its susceptibility (Kern, 1961); however, hydrostatic
stress should not affect the susceptibility (Kapitsa, 1955) unless, at very
high pressures, thers is a change in volume (Breiner, 1967)}. Therefore we
sssume that the susceptibility of uncombined lunar iron is independent of
_pressure. 1In the outer shell where T < Tc’ we define intrinsic ferromagnetic
susceptibility of the free iron to be ky, = 12 emu/cm3 (RBozcrth, 1951), and

in the core wvhere T > Tc’ free iron intrinsic pararmagnetic susceptibility

_ 2
is k,. =2 x 10 h em/em” (Berkowitz and ..eller, 1969; Bozorth, 1951),
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Global lunar iron abundance

Using the information described in previous sections we have generated
the éurves shovm in Fig. 5, which relate free iron abundance (q) and total <(§Eé: =
iron sbundance (§) to hysteresis-curve slope, as follows, The apparent A
ferromagﬁ;tic susceptibility of free iron in the shell (klf) and the apparent
paramagngﬁ%; gusceptibility of free iron in the core (kEa) are each calcu-
lated as a function of the free iron sbundance (a) using equation (5). The
shell-core boundary is defined by the Curie isotherm used for a particular
temperature model, In addition, the mole fraction of the Fe2+ phase in para-
magnetic rock used in the model (orthopyroxene or olivine) is censtrained
by q and the bulk density. Mole fraction of Fe2+ is related to suscepti-
bility using the experimental data of Nagata et al. (1957) for olivine and
Akimoto et al, (1653) for orthopyroxene, Furthermore, using the Langevin
relation (equation (6)}, we relate susceptibility of ret to terperature
and thus find Fe2+ susceptibiiity in the shell (P;lc) and the core (hgc) for

our three temperature models., Then we combine susceptibilities to obtain
total shell and core susceptibilities, ky = kla +Ey and ky = Ky, + Ky
as a function of g, after which we use ki and k2 in eguation (3) to relate
free iron zbundance q directly to G as shown in Fig. 5. G is related to
the slope of the hysteresis curve: slope = 2G + i.

We complete Fig, 5 by determining Q, the total iron abundance in the
moon, as a function of G, Total iron Q is the combined abundance of free
iron and ferrous iron., Trom the previously determined mole fraction of
the FeE+ thase in the paramagnetic mineral, we calculate the mass of ferrous
iron as a function of ¢. Then we add the ferrous iron mass to frec iron

mass and get the total mass of iron in the moon, and thereby the fotal iron

abvundance 9.
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Wé'ﬁotekfhaﬁ for q > 1 wt, % the susceptibility of the ﬁooﬁ.is dominated
 by.the ferromagnetic iron (generally ky, > LI Ky ™ k2a) and. therefore
the relaticnship between G and q is ﬁﬁkyendent of the composition of the
ferrous component (olivine or orthopyroxene). Total iron abundances differ
fof the t%c cempositional models because of the different iron contents of
olivine and orthopyroxene. |

From our measured hysteresis slope of l.OOB‘i 0.00k we calculate
G = 0,00k + 0,002, Using this range of G, we find from Fig. 5, free iron
aboundance g and total ircn abundance Q for each thermsl and compositional
model. These iron abundences are swwarized in table 1., <EE§§%
| Fig, 5 shows the ranges of free iron and +otal iron avundances, which
are functions of temperature in the lunar interior and are bounded by errors
in the hysteresis curve slope. The lunar free iroﬁ abundance ranges between
L.5 and 0.5 wk. %; these limits correspond to theymal profiles Ty and T3,
respectively., These thermal profilss have been selected to be upper ang
lower limiting cases, as can be seen upon comparison of Fig. 4 with thermal
Profile descriptions in the 4ext. We accordingly calculate our free iron
ebundance best value as q = 2.5 * 2.0 wt, %.

Total iron eabundance (Q) in the moon is, in addition, dependent upon
conmpogitional model. For the free iron/crthopyroxene model, upper and lower
limifs on Q are 13,7 and 11.8 wt. %, respectively; for fres iron/olivine,
limits are 6.8 and 4,3 wb, %. Assuming that the moon is composed of one or
8 combination of these minerals and has a total iron abundance between 13,7

and 1.3 wi, %, we caleulate the total iron abundance best value ag

Q=9.0 %47 wt, b, Free iron and total iron sbundances are shown in

\

Fig, 6.

\
o
®
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We note-heré that the susceptibiiities of both oiivine and orthopyroxeng
‘are about an order of magnitude too small to account for the measured lunar
permeability without some ferromagnetic iron present. Also, we can calcu-
late the minimum free iron abundance in the moon consistent with the
hysteresi;-curve measurements. To do this, we consider the extreme case
where the measured whole-moon permeability is assumed to correspond entirely
to ferromesnetic iron in the outer shell of the moon where the temperature
is below the Curie point. Tor this case the bulk lunar iron abundance
Q is 0.9 * 0.5 wt., %, This result is independent of Curie-point depth of
our three models, Thi?fgigi 1imit placed on the lunar free iron abundance

by our aralysis, therefore, is 0.4 wt. %,

Considerations of an iron core and iron-rich layer

The whole-moon permeability has also been used %o investigate the
magnetic effects of a hypothetical iron core in the mocn. Density and
moment of inertia neasurements for the mocn limit the size of suth a core
to less than 500 km in radius (Toke®z, 197h)}., If this hypothetical iron
core were enbirely paramagnetic and the surrcunding core were orthopyroxene
of average termperature 1100 °c the global permeability would be 1.0003,
This value is small compared to the measured permeability of 1.012 * 0.006,
implying that if such a small paramagnetic iron core exisis, its magnetiza-
tion is masked by magnetic material lying nearer to the surface. Therefore
the hysteresis measurements can neither confirm nor rule out the existence
of a small iron core in the moon,

 An iron-rich layer in the moon has been considered by several investi-
gators (e.g., Wood et al,, 1970; Urey et al., 1971; Gast and Giuli, 1972).
It is possible that early melfing and subsequent differention of the outer

several hundred kileometers of the rmoon rmzy hawve resulted in the Tormmatio

]
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of a high-density, iron-rich layer beneath a low-density, iron~depleted
crust. Constraints have been place& on an iron-rich layér by Gast and
Giuli (1972) using geochemical and geophysical data (for example, measure-
ments of lunar moments of inertia), One set of their models consists of
high—denéity layers between depths of 100 km and 300 k. At a depth of

100 km the allowed layer thickness is 12 km; the thickness increases with
increaging depth, to 50 km at 300 km depth, Also presented are a set of
layers at 500 km depth. By using exactly the same considerations as were
used in the iron abundance calculations, we calculate whole-mcoon permeabili-
ties which would be expected from lunar models with these iron-rich layers.
The ecaleulations indicate that iron-rich layers allowed by geophysical
constraints as outlined by Gast and Giuli, if wholly above the iron Curie
temperature and therefore paramagnetic, would yield glcbal perﬁeabilities

of about 1,0000&, 4s for the case of a small lunar iron core, the magneti-
zation field of such paramagnétic layers would te masked by ferromaznetic
raterials elsevhere in the moon, and the hysteresis curve measurements can
neither confirm nor rule out thesge layers. This conclusion would particu-
larly apply to the Gast-Giuli layers at 500 km depths, which would be almost
certainly parzmagnetic,

If the iron-rich layers existed shallow enough in the moon to be below
the Curie temperaturerand were therefore ferromagnetic, then the measured
global permeability would be about 3.5, This value is well above the upper
limit for the actual measured permeability of 1.012 * 0.006, and therefore
the Gast-Giuli layers can be ruled out if they are cool enough to ve ferro-
magnetic., It is important to note that the high-density layers discuséed
by Gast and Giuli (1972) can be thought of as limiting cases and that there
are innmursraple legg denge and tiinner leyers »nizh are allowed bty gsochyaiecal,
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geochemical and magnetic constraints,

Effects of a possible lunar ionosphere on permeability and iron abundance

caleulations

Measprements of the Apolle 15 subsatellite magnetométer in the geomag-
netic tail have indicated the possibility that an ionosphere exists in the
region between the lunar surface and the subsatellite 100 lm mean altitude
(Russell et al., 1974). Also, résults from the Rice University suprathermal
ion detector experiments indicate that chagxd particles measured on the lunar
surface could be from a lunar jonosphere (Lindeman et al,, 1973). If a
global lunar ionosphere does exist, then it could form a diamagnetic regicn
around the moon which ceould lower the geotail Tield I to a smaller magne-
tiziné field F' and in turn result in a smaller total surface field B'.
Then plots of Apollio 12 data wversus Explorer 35 data wounld be plots of
Bx' vE Hx, causing the measured permeability Lo be l@wer than the true
lunar permeability (in contrast to the plasma diamsgnetism effect discussed
earlier, which would tend to make the measured permeability higher).

If the assumption of Russell et al. (1974), that a spherically
symretric diamsgnetic ionosphere fills the entire regicn between the lunar
surface and the subsatellite 100 km altitude, were found to be correct,
then our global lunar permeability would be adjusted upward. We have
determined the adjusted permeability and iroum abundance values by modifying
equation (3) for a two-layer (shell/core) permeability model, where in this
case the shell represents a Iumar ionospaere of 100 km thickness and homo-
geneous permeability Ky s and the core represents a lunar sphere of bulk

permeability p. The modified version of eguation (3) is

P02



 @ppre)(pyo1) - 33 ) (2 4)

g = -
(2p g+ )(py+2) - 207 (g =) {py-1)

(1)

where A ?‘EC/RS; R, and R_ are radius of the core {(here the lunar glove)
and the outer radius of the shell (ionosphere}, respectively. From the
results of _Russell et al, (1974) we obtain g = - 0.0101 * 0,0039, Then
using solutions of equations (3) and (7) we find that our permeability best
value would be adjusted upward slightly from 1.012 ‘o 1.C1l7, provided a
Junar ionosphere exists. The correspending free irop abundance best value
would be adjusted upward from 2.5 to 3.9 wt. %. Total iron content best
values would be adjusted downward slightly from 12,8 to 12.1 wt. § for the
free iron/orthopyroxene model, and from 5.5 to 4.7 wt., ¢ for the free iron/
olivine model, Deteliled calculaticns of the effects of a lunar ionosphere

on lwmar iron content determinations will he deferred until a more detailed

ioncspheric model iz presented.
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SUMMARY AND -CONCLUSIONS

(1) Simultaneous measurerﬁents by lunar magnetometers on the surface
c;f the moon and in orbit around the moon are used to construct a whole-moon
hysteresis rurve, from which the global lunar relative magnetic permeability is
determine;i to be 1.012 +0.006.

(2) The corresponding global induced magnetization dipole moment is
expressed o« = 2.1 x 1022 H. For typical geomagnetic tail fieids of H = 10'4 Oe,
the corresponding induced dipole moment is 2.1 x lO18 gauss—cm3.

(3) Both error limits on the magnetic permeability value are greater than
1.0, implying that the moon as a ':.vhole is paramagnetic and/or weakly ferromag-
netic. Assuming that the ferromagnetic component is free metallic iron of multi-
domain, noninieracting grains, the free iron abundance in the moon is calculated
tobe 2.5 2.0 wt. %.

(4) A free iron abundance extreme lower limit of 0.4 wt. % is calculated
under the assumption that the glcbal susceptibility i$ due entirely to free iron in
thg ferromagnetic state. This lower limit is independent of composition of the rock
matrix making up the bulk of the moon.

(5) Total iron abundance in the moon is determined by combining free
iron and paramagnetic iron components for two assumed lunar compositional models,
of orthopyroxene and olivine. For an orthopyroxene moon of overall density
3.34 g;’cm5 with free iren dispersed uniformly throughout the lunar interior,
the total iron abundance is 12.8 1.0 wt. %. For a free iron/olivine moon the
total iron sbundance is 5.5 £1.2 wt. %. A summary of iron abundance calcula~

_tions is given in Table 1. Using extreme upper and lower limits in Table 1, the
overall total iron abundance is expressible as 9.0 £4.7 wt. %.

(6) Lunar models with a small iron core and with an iron-rich layer are
also discussed using the measured global lunar permeability as a constraint., A
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small pure iron core of 500 km radius (the maximum size allowed by lunar
density and moment of inertia measurements)}, which is hottér than the iron Curie
point ('I‘:»Tc) , would not be resolvable from the \data since its magnetization field
would be small compared to the induced field we measure. Similarly, an ivon-
ricil layer‘ in the moon could not be resolved if the iron is paramagnetic, i.e., the
iron is above the iron Curie temperature. Gast and Giuli (1972) have proposed

a family of high-density layer models for the moon which are geochemically
feasible. If these models are iron-rich layers lying near the lunar surface so
that T<TC, the ferromagnetic layers would yield a global permeability value well
above our measured upper limit. Therefore we conclude that such shallow

iron-rich-layer models are not consistent with our magnetic permeability

measuyements .
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TABLE 1 IRON ABUNDANCE OF THE MCOON AS A FUNCTION
QF THERMAL AND COMPOSITIONAL MODELS
Free Iron Abundance, wt. % Total Iron Abundance, wt. %
\ thermal

model. .

compositiona T3 To Ty ll3. To Ty
model
~

orthopyroxene 1.0 £ 0.5 2.0+1.0 | 3.0t1.5 | 13.4* 0.3 13.0 £ 0.5 | 12.6 * 0.6
nlivine 1.0 £ 0.5 2.0 £ 1.0 3.0 + 1.5 6.5 £ 0.3 5.9 £ 0.7 5.3 % 1,0




Fig. 1

Fig. 2

FIGURE CAPTIONS
Magnetization induction in the moon. When the moon is immersed in a
uniform éxternal field H (in this case the steady geomagnetic tail field),
a dipolar magnetization field M is iﬁduced in permeable material in the
lunar interior, with the dipole axis of M aligned along the direction of
H. The total magﬁetic field near the moon is B =H + 4 * M. The magnetic
permeabilities of the two layers are By and s, and for regions outside
the moon, P = Hy = 1 (free space). H is measured by the lunar orbiting
Explorer 35, whereas B is measured by an Apollo lunar surface magneto-
meter (LSM). Measurem‘ents of B and H allow construction of a B-H
hysteresis curve for the sphere, from which permeability and iron

abundance can be calculated.

Magnetic environment of the moon during a lunar orbit, with emphasis
on the geomagnetic tail region. The plane of the lunar orbit very nearly
coincides with the ecliptic plane of the earth's orbit. The earth's
permanent dipole field is swept back into a cylindrical region known as
the geomagnetic tail; at the lunar distance the field magnitude is ~10
garﬁmas (10-4 cersteds). Also shown is the shock surface ("bow shock™)
created by supersonic flow of solar wind plasma past the geomagnetic
tail. Substructure of the tail consists of two *lobes"; the upper or
northward lobe has its magnetic field (dark arrow) pointing roughly
toward the earth, whereas the lower lobe field points away from the earth.
The moon is immersed in the tail about four days of each orbit; the moon
can pass through either or both lobes, depending upon the characteris-
tics of the particular orbit and the orientation of the earth's magnetic
dipole axis.
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Fig. 3

Fig. 4

Hysteresis curve for the moon. Data points are 2763 simﬁltaneous
2-minute averages of radial components of the external geomagnetic
field data H (measufed by the lunar orbiting Explorer 35 Ames magneto-
metar) and total magnetic induction B = pH (B is measured by the Apolle

N
12 lunar surface magnetometer). Data points are selected from four
lunations of measurements made when the moon is immersed in the uniform
geomagnetic tail field, far from the neutral sheet in the tail. In this
low-external-field regime (~ 10 gammas or 10“4 Oe), the hysteresis curve
is linear and is fitted by a least-squares line of slope 1.008 = 0.004. This
slope corresponds to a w‘hole—moon magnetic permeability of 1.012 + 0.006.
The least-squares line intersects the origin exactly in this figure because
the vertical-axis intercept (the radial or x~component of the remanent
field at the Apollo 12 site) was subtracted out after the least~squares fit

was made.

Temperature profiles for the lunar interior published by various authors:
(1) Hanks and Anderson (1972); (2) Dyal et al. (1974); (3) Toksoz
(1974}; (4) Sonett et al. (1971). Superimposed is the pressure-

dependent Curie temperature for iron versus depth in the moon,

Iron abundance in the moon as a function of global hysteresis curve
clope. Free iron abundance (q) and total iron abundance (Q) versus
the parameter G (hysteresis curve slope equals 2G+1) for three
termperature profiles described in the text. Total iron abundance is
shown for two lunar composition models, orthopyroxene and olivine,
Arrows below the horizontal axis show the range of the parameter G,
experimentally determined from’the hysteresis curve slope: G =0.004

£0.002. The shaded region defines the allowed values of free and total
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iron abundances, bounded by hysteresis curve error limits and by

thermal models Tl and T3.

Fig. 6 Summary of global lunar magnetic permeability and iron abundances.
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LUNAR IRON ABUNDANCE vs HYSTERESIS SLOPE

. ORTHOPYROXENE + 9
10
9 L.
110
8 "~
? _
=
52_ 411
Lt €
[0
o
[EH
25k
— OLIVINE
5
O S12
l -
4 4 .
o 45
3 .
- 413
2 46
| -
! 7 _
10°4 03 b AV oc 10!

G(=1/2(SLOPE~1))

Fie, 5

Q, WEIGHT % TOTAL IRON



GLOBAL PERMEABILITY:
FREE IRON:

TOTAL IRON:

LUNAR IRON ABUNDANCE |

.012 £ 0.006
2.5 £ 2.0 wt. %

9.0 £ 4.7 wi. %

Fig. 6
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